Introduction
============

Two-dimensional layered structures of molybdenum disulfide (MoS~2~) with unique characteristics analogous to graphene have recently attracted much attention for energy harvesting and nanoelectronic applications because of their extraordinary thermal conductivity, robustness, and unusual optical and energy harvesting properties.[@b1-ijn-12-7847],[@b2-ijn-12-7847] In contrast to graphene, MoS~2~ nanosheets hold great promise as novel nanomaterials for biomedical applications as they can be synthesized on a large scale and can be directly dispersed in aqueous solution without the aid of surfactants. MoS~2~ nanosheets have been shown to adsorb single-stranded DNA by the van der Waals force between nucleobases and the basal plane of MoS~2~ nanosheets,[@b2-ijn-12-7847] acting as an efficient dye quencher in aqueous solution for detection. DNA, protein, and metal ions have been detected by using simple DNA absorption on the surface of MoS~2~.[@b3-ijn-12-7847]--[@b5-ijn-12-7847] However, the physisorption of fluorescently labeled DNA was susceptible to nonspecific probe displacement and the false-positive signals.[@b6-ijn-12-7847] MoS~2~ can stabilize metal nanoparticles and form composites which extend its functionalities as a novel catalytic, magnetic, and optoelectronic nanomaterial. It has additionally been reported that MoS~2~ has great potential in biological molecules detection.[@b7-ijn-12-7847] Highly sensitive detection for protein has been a key target for sensors. In this study, thrombin was used as an example in protein. Thrombin is a serine protease in blood that is involved in some physiological and pathological processes in inflammation, wound cicatrization, blood solidification, and platelet activation.[@b8-ijn-12-7847],[@b9-ijn-12-7847] Thrombin concentrations vary considerably with different coagulation defects. Furthermore, it is related to the development of a variety of diseases and is thus considered as a marker related to various diseases.[@b10-ijn-12-7847],[@b11-ijn-12-7847] Therefore, thrombin detection with high sensitivity is important in early diagnosis and clinical practice. In this work, a covalent linkage between the aptamer and the surface of MoS~2~ was used to solve the problems of nonspecific probe displacement and the appearance of a false-positive signals. In addition, Tween 80 was used to prevent the nonspecific binding of thrombin on the MoS~2~ surface. To the best of our knowledge, this was the first time that Tween 80 was combined with a covalent linking aptamer to MoS~2~ for overcoming these problems. Furthermore, an MoS~2~ and exonuclease (Exo) coassisted signal amplification strategy was developed in order to improve the detection limit for this protein based on this sensor.

Materials and methods
=====================

Chemicals and materials
-----------------------

The aptamer for thrombin was purchased from Sangon Biotechnology Co., Ltd. (Shanghai, People's Republic of China) with high-performance liquid chromatography purification and mass spectrometry confirmation. The complementary sequence of thrombin aptamer modified with thiol used in this study is as follows: 5′-thiol--[AGTC]{.ul}ACCCCAACCTGCCCTACCACG[GACT]{.ul}-3′. The underlined sequences can have a hairpin-like structure.

Thrombin-binding aptamer was as follows: 5′-[AAAA]{.ul} GTCCGTG GTAGGGCA GGTTGGGGTGA CT-FAM-3′. The underlined sequences can be easily recognized by RecJf Exo.

Human α-thrombin with purity more than 95%, was obtained from Haematologic Technologies Inc (Essex, VT, USA). Exo was purchased from New England Biolabs (Beijing) Ltd (Beijing, People's Republic of China). Gold nanoparticles (AuNPs) with an average diameter of 13±2 nm along with Tween 80 and other proteins were purchased from Sigma-Aldrich Chemical Co. (Shanghai, People's Republic of China). All solutions that were used in the experiments were prepared with Milli-Q water (18.2 MΩ⋅cm). Human blood serum samples were obtained from Affiliated Hospital of Jiangsu University.

Preparation of AuNPs\@MoS~2~ nanocomposites
-------------------------------------------

MoS~2~ nanosheets were prepared by chemical exfoliation according to the method reported by Eda et al.[@b12-ijn-12-7847] Atomic force microscopy was carried out, revealing that the thickness of MoS~2~ nanosheet was ∼1 nm ([Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=145585.pdf)) and confirming that a single-layer MoS~2~ nanosheet was obtained.[@b13-ijn-12-7847] AuNPs can be selectively formed on the edge sites or defective sites of MoS~2~ nanosheets by noncovalent bonding.[@b14-ijn-12-7847] Then, 1 mL of AuNPs was added into 1 mL of MoS~2~ and ultrasonically dispersed. Ten milliliters of water was slowly added after reacting for 24 h. After the colloids were collected by centrifugation at a speed of 10,000 rpm for 10 min, the precipitate was washed with water three times and ultrasonically dispersed in washing buffer (10 mM Tris-HCl, pH 7.4).[@b15-ijn-12-7847]

Instrumentation
---------------

AuNPs\@MoS~2~ nanocomposites were characterized by transmission electron microscopy. A fluorescence spectrometer (F-4600; Hitachi Co. Ltd., Tokyo, Japan) with an xenon lamp excitation source was employed to record fluorescence spectra. The excitation was set at 490 nm and the emission was monitored at 518 nm.

Fluorescence spectra measurements
---------------------------------

One milliliter of Milli-Q water (18.2 MΩ⋅cm) containing 10 nM aptamer was added to 2 mL of Milli-Q water (18.2 MΩ⋅cm) containing 40 μg/mL MoS~2~. Then, different concentrations of thrombin were added and incubated for 30 min for detection of sensitivity. DNA/AuNPs conjugates were rapidly formed in 0.01 M phosphate-buffered saline (0.1 M NaCl, 10 mM phosphate, pH 7.4) at 50°C.[@b16-ijn-12-7847] Exo digestion was carried out at 37°C in buffer (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl~2~, 1 mM dithiothreitol, pH 7.9). The fluorescence measurements were carried out using a Cary Eclipse spectrophotometer. The optical path length of the quartz fluorescence cell was 1.0 cm. The emission spectra were recorded in the wavelength range of 510--600 nm with excitation at 480 nm. The curves were plotted using the fluorescence intensity at 520 nm. The fitting of the experimental data was accomplished with the software Origin 8.0.

Selectivity assays
------------------

In order to ensure the selectivity of the method toward thrombin, other proteins (immunoglobulin G, lysozyme, and bovine serum albumin) were added into the Milli-Q water (18.2 MΩ⋅cm) containing 10 nM aptamer with 40 μg/mL of the MoS~2~. The concentration of each protein was 0.001 nM. The samples were incubated for 30 min at room temperature for further measurements using the spectrophotometer, and the conditions followed were the same as that for thrombin.

Results and discussion
======================

Design strategy for thrombin detection using exonuclease coassisted amplification strategy
------------------------------------------------------------------------------------------

The strategy for the aptamer--MoS~2~ biosensor based on fluorescence resonance energy transfer (FRET) to detect thrombin is shown in [Scheme 1](#f5-ijn-12-7847){ref-type="fig"}. To avoid nonspecific displacement of the aptamer probe by nontarget molecules, a covalent linkage was established between the carboxyfluorescein (FAM) dual-labeled thrombin aptamer with its complementary sequence modified with a thiol group and the AuNPs on MoS~2~. The hybridization of the aptamer molecules and the matched strand with 5′ terminal thiol immobilized the aptamer molecules specifically on the surface of AuNPs. AuNPs\@MoS~2~ nanocomposites quenched the fluorescence of FAM, which was labeled on the 3′ end of the aptamer, when the aptamer was immobilized on the surface of AuNPs. Binding of thrombin to the aptamer induced conformational changes of the aptamer, causing the fluorophore to leave the surface of MoS~2~.[@b17-ijn-12-7847] In this case, the matched strand forms a hairpin-shaped structure on the surface of MoS~2~ and is not recognized by Exo. RecJf Exo degraded the aptamer in the aptamer--thrombin complex in the direction 5′→3′, causing thrombin to be released into the solution for target recycling.[@b16-ijn-12-7847] Tween 80, a nonionic surfactant that strongly interacts with MoS~2~ through its hydrocarbon,[@b18-ijn-12-7847],[@b19-ijn-12-7847] was used to prevent the protein from nonspecific binding to improve the detection limit.

Sensitivity of the detection for thrombin using a covalent linking aptamer-based sensor
---------------------------------------------------------------------------------------

If the MoS~2~ concentration was very low, the signal-to-noise ratio was also very low. Furthermore, high MoS~2~ concentration would quench the fluorescence of the cleaved short FAM--DNA fragments. Therefore, the amount of MoS~2~ should be optimized. As shown in [Figure S2](http://www.dovepress.com/get_supplementary_file.php?f=145585.pdf), 60 μg/mL MoS~2~ was taken as the optimized concentration for aptamer physisorption for detection of thrombin. As shown in [Figure S3](http://www.dovepress.com/get_supplementary_file.php?f=145585.pdf), 30 min was chosen as the incubation time for further measurements at room temperature. As shown in [Figure S4](http://www.dovepress.com/get_supplementary_file.php?f=145585.pdf), the fluorescence responses of the aptamer--MoS~2~ nanosheet significantly increased with increasing the concentrations of thrombin from 0 to 60 nM. A linear correlation (*R*^2^=0.97) ([Figure S4B](http://www.dovepress.com/get_supplementary_file.php?f=145585.pdf)) existed between the value of F/F~0~-1, where F~0~ and F were the values of fluorescence intensities without and with thrombin, respectively, and the concentration of thrombin over the range 0.0005--20 nM is also shown in this figure. This detection limit using the physisorption of fluorescently labeled aptamer was 0.122 pM ([Figure S4](http://www.dovepress.com/get_supplementary_file.php?f=145585.pdf)). The prepared MoS~2~ nanosheets had a large surface area, which can load more AuNPs. This was followed by transmission electron microscopy, which revealed the presence of the AuNPs\@MoS~2~ nanocomposites. As shown in [Figure 1](#f1-ijn-12-7847){ref-type="fig"}, AuNPs were dispersed on the surface of MoS~2~.

Sixty micrograms per milliliter AuNPs\@MoS~2~ nanocomposites was also taken as the optimized concentration for covalent aptamer for detection of thrombin ([Figure S5](http://www.dovepress.com/get_supplementary_file.php?f=145585.pdf)). The detection limit of this assay was calculated as 0.106 pM on the basis of the 3σ/slope ([Figure S6](http://www.dovepress.com/get_supplementary_file.php?f=145585.pdf)) by using the covalent linking aptamer to MoS~2~-based fluorescent assay. However, the covalent aptamer was less susceptible to nonspecific probe displacement and false-positive signals. Zhao and Wang[@b11-ijn-12-7847] have also reported on the detection of thrombin using AuNPs with fluorescence-labeled aptamers. The detection limit was 0.14 nM; higher than 0.106 pM. This showed that AuNPs\@MoS~2~ nanocomposites can improve the detection limit compared to AuNPs only.[@b20-ijn-12-7847]

Measurement of thrombin using a covalent linking aptamer with Tween 80-based sensors
------------------------------------------------------------------------------------

Tween 80 effectively stabilized AuNPs in salt solutions by forming a protective layer on the surfaces of AuNPs. DNA/AuNPs conjugates can be rapidly formed in 0.01 M PBS (0.1 M NaCl, 10 mM phosphate, pH 7.4) at 50°C followed by a ligand exchange between Tween 80 and thiol-DNA.[@b18-ijn-12-7847] The aptamer modified with thiol was immobilized on the surface of AuNPs in 2.5 h using 10% (v/v) Tween 80 compared to more than 12 h without using Tween 80. Tween 80 was also reported as a blocking agent that prevents the absorbability of nonspecific binding materials by interacting with the AuNPs\@MoS~2~ nanocomposites through its hydrocarbon.[@b18-ijn-12-7847]--[@b20-ijn-12-7847] In this study, it improved the sensitivity by preventing nonspecific adsorption of thrombin on the surface of MoS~2~. [Figure S7A](http://www.dovepress.com/get_supplementary_file.php?f=145585.pdf) illustrates the fluorescence emission spectra of MoS~2~-aptamer with varying concentrations of thrombin. [Figure S7B](http://www.dovepress.com/get_supplementary_file.php?f=145585.pdf) shows the values of F/F~0~-1, for the assay with the concentration of thrombin. The inset reveals a linear correlation (*R*^2^=0.99) between the value of \[F/F~0~-1\] and the concentration of thrombin over the range 0.0004--20 nM. The detection limit was improved to 0.03 pM on the basis of the 3σ/slope ([Figure S7B](http://www.dovepress.com/get_supplementary_file.php?f=145585.pdf)), which was better than the 0.106 pM limit without Tween 80.

Optimization of experiment conditions for exonuclease coassisted amplification strategy
---------------------------------------------------------------------------------------

As shown in [Figure 2](#f2-ijn-12-7847){ref-type="fig"}, the fluorescence intensity of aptamer decreased as the concentration of AuNPs\@MoS~2~ nanocomposites increased. When the concentration of AuNPs\@MoS~2~ nanocomposites was increased to 40 μg/mL, 90% of the original fluorescence intensity was quenched. Therefore, 40 μg/mL AuNPs\@MoS~2~ nanocomposites was chosen as the optimal concentration. The different enzyme cleavage times were also measured in the presence of 0.03 U μL-1 Exo at 37°C in buffer (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl~2~, 1 mM dithiothreitol, pH 7.9).[@b21-ijn-12-7847] As shown in [Figure S8](http://www.dovepress.com/get_supplementary_file.php?f=145585.pdf), in the presence of Exo, the fluorescence intensity increased rapidly and then plateaued due to the complete digestion of DNA by Exo at different digestion times in the presence of 0.03 U μL-1 Exo. Considering the results in [Figure S3](http://www.dovepress.com/get_supplementary_file.php?f=145585.pdf), 30 min was chosen as the incubation time and detection time for next recycle.

Measurement of thrombin using exonuclease coassisted amplification strategy
---------------------------------------------------------------------------

[Figure 3A](#f3-ijn-12-7847){ref-type="fig"} illustrates the fluorescence emission spectra of MoS~2~-aptamer with various concentrations of thrombin. The corresponding values of \[F/F~0~-1\] for the assay are shown in [Figure 3B](#f3-ijn-12-7847){ref-type="fig"}. The inset in [Figure 3B](#f3-ijn-12-7847){ref-type="fig"} shows the linear correlation (*R*^2^=0.98) between the value of \[F/F~0~-1\] and the concentration of thrombin from 0.04 to 140 pM.

The detection limit was improved to 6 fM on the basis of the 3σ/slope ([Figure 3B](#f3-ijn-12-7847){ref-type="fig"}), which compared well with most existing aptasensors for thrombin. It was lower than those obtained from other reported assays ([Table 1](#t1-ijn-12-7847){ref-type="table"}), such as surface plasmon resonance (50 nM),[@b22-ijn-12-7847] graphene oxide-aptamer sensor (4.8 pM),[@b18-ijn-12-7847] paper analytical device (16 nM),[@b23-ijn-12-7847] and quartz crystal microbalance (0.1nM),[@b24-ijn-12-7847] graphene nanocomposites (0.01 nM),[@b25-ijn-12-7847] and electrochemical sandwich assay (1.5 pM).[@b26-ijn-12-7847] It was also lower than that obtained from similar mechanisms using other sensors, such as graphene oxide sensor (0.9 pM),[@b16-ijn-12-7847] strip biosensor (4.9 pM),[@b27-ijn-12-7847] and AuNP sensor (0.31 nM).[@b28-ijn-12-7847] In addition to the low detection limit, this method is also simple, label-free, and inexpensive. Therefore, this sensor is a promising technique for protein detection.

Selectivity of the detection for thrombin using exonuclease coassisted amplification strategy
---------------------------------------------------------------------------------------------

Selectivity is a critical factor to assess the performance of the proposed sensor. Thrombin aptamers are artificial single-strand oligonucleic acid sequences that bind to thrombin with high affinity and specificity and are selected in vitro with a combinatorial method by systematic evolution of ligands by exponential enrichment.[@b28-ijn-12-7847] Therefore, the detection of nonspecific proteins such as bovine serum albumin, IgG, and lysozyme were used as controls to test the sensor's selectivity recognition to thrombin in this experiment. The response signals of the different proteins were much smaller than that of thrombin. The response to thrombin was two-fold higher in comparison to the other proteins measured at the same concentration ([Figure 4](#f4-ijn-12-7847){ref-type="fig"}). These results implied that this sensor offered high selectivity toward thrombin. If proteins were structurally more similar to thrombin, they could possibly interfere with false-positive results and the baseline FRET signal. Therefore, they cannot be used for checking false-positives and the baseline FRET signal.

Analytical application of exonuclease coassisted amplification strategy
-----------------------------------------------------------------------

To assess the analytical reliability and application of the constructed aptasensor, a series of human serum samples were prepared by first centrifuging at 3,000 rpm for 15 min followed by the addition of various concentrations of thrombin into the human serum. Affiliated Hospital of Jiangsu University provided human blood serum samples. Each sample was analyzed three times. The detection results for the prepared samples are presented in [Table 2](#t2-ijn-12-7847){ref-type="table"}. The recovery (between 83.51% and 103.02%) and relative standard deviation (between 3.76% and 7.01%) were acceptable, which indicated that this sensor had promising sensing abilities in real samples.

Conclusion
==========

This was the first example of a covalent aptamer for protein (thrombin) detection based on the MoS~2~-aptamer system. The previous assays involved only physisorbed aptamer. In this work, a covalent aptamer for protein detection based on MoS~2~-aptamer system was prepared. The same sequence was also used to prepare physisorbed probes for comparison. Both types of sensors had similar sensitivity. However, the covalent sensor was much more resistant to nonspecific probe displacement and false-positive signals. Furthermore, 10% Tween 80 was used to shorten the reaction time between AuNPs and aptamer and improved the detection limit by preventing the thrombin from being absorbed on the surface of MoS~2~. Exo digested the single-strand aptamer and released the thrombin, which was then detected for next recycle. With the coassisted amplification strategy, the detection limit was 6 fM. This method is not restricted to protein detection. By covalently attaching other types of aptamers, DNA, RNA, and the detection of other multiple analytes may be achieved.
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![TEM image of AuNPs dispersed on the surface of MoS~2~.\
**Abbreviations:** AuNP, gold nanoparticle; MoS~2~, molybdenum disulfide; TEM, transmission electron microscopy.](ijn-12-7847Fig1){#f1-ijn-12-7847}

![The fluorescence intensity of FAM-modified aptamer (10 nM) in the presence of various concentrations (0, 10, 15, 20, 25, 30, 40, and 50 μg/mL) of AuNPs\@MoS~2~ nanocomposites.\
**Abbreviations:** AuNPs, gold nanoparticles; MoS~2~, molybdenum disulfide; FAM, carboxyfluorescein.](ijn-12-7847Fig2){#f2-ijn-12-7847}

![(**A**) The fluorescence intensity of FAM-modified aptamer (10 nM) in the presence of AuNPs\@MoS~2~ nanocomposites (40 μg/mL) with varying concentrations of thrombin (0.03 pM, 0.04 pM, 0.05 pM, 0.06 pM, 0.4 pM, 0.6 pM, 0.8 pM, 1.2 pM, 4 pM, 5 pM, 60 pM, and 120 pM) and (0.03 UμL-1) Exo. (**B**) The values of \[F/F~0~-1\] for assay with the concentration of thrombin are shown.\
**Note:** All data were collected from three measurements, and the error bars indicate the standard deviation.\
**Abbreviations:** AuNPs, gold nanoparticles; MoS~2~, molybdenum disulfide; Exo, exonuclease; FAM, carboxyfluorescein; F~0~, values of fluorescence intensities without thrombin; F, values of fluorescence intensities with thrombin.](ijn-12-7847Fig3){#f3-ijn-12-7847}

![The fluorescence intensity of FAM-modified aptamer (10 nM)-MoS~2~ (40 μg/mL) in the presence of other proteins (BSA, IgG, and lysozyme) at the concentration of 0.001 nM.\
**Abbreviations:** BSA, bovine serum albumin; Exo, exonuclease; FAM, carboxyfluorescein; IgG, immunoglobulin G; MoS~2~, molybdenum disulfide.](ijn-12-7847Fig4){#f4-ijn-12-7847}

![The strategy for the aptamer--MoS~2~ biosensor based on FRET to detect thrombin.\
**Abbreviations:** FRET, fluorescence resonance energy transfer; MoS~2~, molybdenum disulfide; AuNPs, gold nanoparticles.](ijn-12-7847Fig5){#f5-ijn-12-7847}

###### 

Comparison of different methods for thrombin detection

  Detection technique              Linear range         Detection limit   References
  -------------------------------- -------------------- ----------------- --------------------
  Fluorescence                     0.0048 nM--20 nM     4.8 pM            [@b18-ijn-12-7847]
  SPR                              0.1 nM--75 nM        0.1 nM            [@b22-ijn-12-7847]
  Luminescence energy transfer     0.375 nM--11.25 nM   0.118 nM          [@b24-ijn-12-7847]
  Electrochemical sandwich assay   100 pM--100 nM       1.5 pM            [@b26-ijn-12-7847]
  Electrochemistry                 5 pM--50 nM          0.9 pM            [@b16-ijn-12-7847]
  Strip biosensors                 6.4 pM--500 nM       4.9 pM            [@b27-ijn-12-7847]
  UV-vis                           1.3 nM--133 nM       0.61 nM           [@b28-ijn-12-7847]
  Electrochemistry                 0.3 nM--50 nM        0.01 nM           [@b25-ijn-12-7847]
  Fluorescence                     0.1 nM--10 nM        0.1 nM            [@b29-ijn-12-7847]
  SERS                             0.27 pM--2.7 pM      0.27 pM           [@b30-ijn-12-7847]
  Fluorescence                     0.04 pM--140 pM      6 fM              Present work

**Abbreviations:** SERS, surface-enhanced raman scattering; SPR, surface plasmon resonance; UV, ultraviolet; vis, visible.

###### 

Results for the determination of thrombin in human blood serum

  Serum sample   Concentration of thrombin added (pM)   Concentration obtained with aptasensor (nM)   Recovery (%)   RSD (%)
  -------------- -------------------------------------- --------------------------------------------- -------------- ---------
  1              1.2                                    1.002                                         83.51          7.01
  2              10                                     9.209                                         92.09          5.32
  3              100                                    103.02                                        103.02         3.76

**Abbreviation:** RSD, relative standard deviation.
